N
N

N

HAL

open science

The Oligogalacturonate-specific Porin KdgM of Erwinia
chrysanthemi Belongs to a New Porin Family

Nicolas Blot, Catherine Berrier, Nicole Hugouvieux-Cotte-Pattat, Alexandre

Ghazi, Guy Condemine

» To cite this version:

Nicolas Blot, Catherine Berrier, Nicole Hugouvieux-Cotte-Pattat, Alexandre Ghazi, Guy Condem-
ine. The Oligogalacturonate-specific Porin KdgM of Erwinia chrysanthemi Belongs to a New Porin
Family. Journal of Biological Chemistry, 2002, 277 (10), pp.7936-7944.

hal-01759854

HAL Id: hal-01759854
https://hal.science/hal-01759854
Submitted on 5 Apr 2018

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

10.1074/jbc.M109193200 .


https://hal.science/hal-01759854
https://hal.archives-ouvertes.fr

The Journal of Biological Chemistry

e

THE JOURNAL OF BIOLOGICAL CHEMISTRY
© 2002 by The American Society for Biochemistry and Molecular Biology, Inc.

Vol. 277, No. 10, Issue of March 8, pp. 7936-7944, 2002
Printed in U.S.A.

The Oligogalacturonate-specific Porin KdgM of Erwinia
chrysanthemi Belongs to a New Porin Family*

Received for publication, September 24, 2001, and in revised form, December 18, 2001
Published, JBC Papers in Press, December 28, 2001, DOI 10.1074/jbc.M109193200

Nicolas Blot#, Catherine Berrier§, Nicole Hugouvieux-Cotte-Pattati, Alexandre Ghazi§,

and Guy Condemineif

From the tUnité de Microbiologie et Génétique, Composante INSA, UMR-CNRS 5122, INSA, Batiment Louis Pasteur, 11
Avenue Jean Capelle, 69621 Villeurbanne Cedex, and the §Groupe Canaux Ioniques, UMR-CNRS 8619, Batiment 430,

Université Paris-Sud, 91405 Orsay Cedex, France

The phytopathogenic Gram-negative bacteria Erwinia
chrysanthemi secretes pectinases, which are able to de-
grade the pectic polymers of plant cell walls, and uses the
degradation products as a carbon source for growth. We
characterized a major outer membrane protein, KdgM,
whose synthesis is strongly induced in the presence of
pectic derivatives. The corresponding gene was charac-
terized. Analysis of transcriptional fusions showed that
the kdgM expression is controlled by the general repres-
sor of pectinolytic genes, KdgR, by the repressor of hexu-
ronate catabolism genes, ExuR, by the pectinase gene
repressor, PecS, and by catabolite repression via the cy-
clic AMP receptor protein (CRP) transcriptional activa-
tor. A kdgM mutant is unable to grow on oligogalactu-
ronides longer than trimers, and its virulence is affected.
Electrophysiological experiments with planar lipid bilay-
ers showed that KdgM behaves like a voltage-dependent
porin that is slightly selective for anions and that exhibits
fast block in the presence of trigalacturonate. In contrast
to most porins, KdgM seems to be monomeric. KdgM has
no homology with currently known porins, but proteins
similar to KdgM are present in several bacteria. There-
fore, these proteins might constitute a new family of porin
channels.

The phytopathogenicity of the pectinolytic Erwinia species,
reclassified Pectobacterium (1), is mainly due to their ability to
macerate the major component of plant cell walls, pectin. Pec-
tin consists of a-1,4-linked galacturonate residues (PGA)! with
some methyl-esterified and acetyl-esterified residues. Erwinia
chrysanthemi (synonym Pectobacterium chrysanthemi), which
causes soft-rot disease of various plants, is able to use pectin as
a carbon source for growth. Pectin catabolism involves a variety
of pectinases, including esterases and depolymerases (Fig. 1),
among which endo-pectate lyases play a crucial role in the
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! The abbreviations used are: PGA, polygalacturonate; GA, galactu-
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soft-rot disease (2, 3). Pectinases are secreted in the extracel-
lular medium by a type II secretion pathway, the Out system
(4, 5). The end products of pectin degradation by these extra-
cellular pectinases are mainly dimers to tetramers of galactu-
ronides (GA, to GA,) with some longer oligomers. Most oligoga-
lacturonides (GA,)) resulting from a lyase activity have a 4,5-
unsaturated bond at their non-reducing end (6, 7).

Pectin degradation products are known to enter the E. chry-
santhemi cells (8, 9) (Fig. 1). Enzymes able to cleave GA,, exist
inside the bacteria. GA, is the best substrate for the periplas-
mic exo-pectate lyase PelX, but this enzyme is also able to
degrade longer oligomers (10). GA; and GA, are good sub-
strates for the cytoplasmic pectate lyase PelW, and GA, is the
preferential substrate for the cytoplasmic oligogalacturonate
lyase Ogl (11). After being internalized into the cytoplasm, GA,,
are catabolized by PelW and Ogl into monomers of GA and
5-keto-4-deoxyuronate, which are next degraded into 2-keto-3-
deoxygluconate and then into pyruvate and 3-phosphoglyceral-
dehyde, products that finally enter the general cellular metab-
olism (2, 11). Recently, two transport systems allowing GA,,
translocation through the inner membrane, TogMNAB and
TogT, have been characterized (12, 13). TogMNAB is a member
of the carbohydrate uptake transporter-1 family, included in
the ATP-binding cassette (ABC) transporter superfamily. TogT
is a member of the glycoside-pentoside-hexuronide transporter
family. The simultaneous inactivation of both transporters is
required to prevent growth with pectin as the sole carbon
source (13).

The transport of GA, through the outer membrane is the
only step of the pectin catabolism pathway that remains un-
known. In Gram-negative bacteria, carbohydrates enter the
periplasm by passing through porins. Porins form water-filled
channels that permit the diffusion of hydrophilic solutes across
the outer membrane. They are divided in two classes as follows:
(i) the non-specific porins of the general bacterial porin family,
such as OmpF and OmpC of Escherichia coli, permit the diffu-
sion of molecules below about 600 Da and are responsible for
the exclusion limit of the outer membrane (14, 15); (ii) the
substrate-specific porins can facilitate the diffusion of specific
substrates. Complex sugars can enter the cell by specific por-
ins, like the maltoporin LamB of E. coli or Salmonella typhi-
murium which is specific for maltose and maltodextrin uptake
(16). In this paper, we describe the identification of a new porin,
KdgM, involved in GA,, translocation across the outer mem-
brane of E. chrysanthemi.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Plasmids, and Culture Conditions—Bacterial
strains and plasmids used in this work are described in Table I. E.
chrysanthemi and E. coli cells were grown at 30 and 37 °C, respectively,
in LB or M63 medium (25) supplemented with a carbon source at 2 g:1 !
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Fic. 1. Pectin catabolism in E. chrysanthemi. Extracellular pec-
tinases (Pae, pectin acetylesterase; Pem, pectin methylesterase; Pel,
pectate lyase; and Peh, polygalacturonase) degrade the pectin and the
polygalacturonate (PGA) into oligogalacturonides (GA,,) which then en-
ter the cell. GA,, are degraded by the periplasmic pectinases and pass
through the inner membrane via one of the two transport systems,
TogMNAB or TogT. GA,, are then catabolized in the cytoplasm, produc-
ing pyruvate and 3-phosphoglyceraldehyde which integrate the general
cellular metabolism. Proteins whose biosynthesis is controlled by KdgR,
PecS, and ExuR are in ovals, underlined, and boxed, respectively.

for glycerol and glucose, 1 g'17* for GA, GA,, and GA,, and 4 g1 * for
PGA and pectin. 0.1 mm CaCl, was added with PGA and pectin. PGA
(grade II), pectin, GA, and saturated GA, and GA; were from Sigma.
The mixture of oligogalacturonides, containing mainly unsaturated tri-
mers to pentamers with longer oligomers, was obtained by digestion of
PGA with the E. chrysanthemi pectate lyase PelL, according to Roy et
al. (7). When required, antibiotics were added at the following concen-
trations: kanamycin (Km) 50 mg1~?!, ampicillin (Ap) 50 mg1~?, and
chloramphenicol 20 mg-1~*. For growth in conditions of oxygen limita-
tion, fumarate was added at 2 g'1 7!, and the culture was covered with
paraffin oil. Media with high and low osmolarity were obtained by
addition of 0.3 M NaCl and by 4-fold dilution of M63 medium,
respectively.

Purification of KdgM and Preparation of KdgM Antiserum—KdgM
was extracted from the E. chrysanthemi kdgR strain A837 after growth
at 30 °C in LB to an absorbance of 0.8 at 600 nm. The cells were
harvested, disrupted in a French press in 50 mm Tris-HCI, pH 8.0, 5 mm
EDTA. Unbroken cells were removed by centrifugation at 10,000 X g for
10 min, and the crude cell membrane fraction was sedimented by
centrifugation at 100,000 X g for 2 h. The membranes were resus-
pended in 50 mM Tris-HCl, pH 8.0, 2% Triton X-100, 5 mm MgClL,,
incubated for 30 min with gentle agitation at room temperature, and
centrifuged at 100,000 X g for 2 h. The supernatant was loaded onto a
15% preparative Tris glycine SDS-PAGE. After electrophoresis, the
band corresponding to KdgM was cut out and crushed, and proteins
were extracted by overnight incubation at 4 °C with 30 mm Tris-HCI,

pH 8.0, 0.3% SDS. The protein extract was used to immunize a rabbit to
obtain the KdgM antiserum.

KdgM was also prepared from the recombinant E. coli strain
PHL646/pKM2. Cells were grown at 30 °C in LB with Ap to an absorb-
ance of 1.0 at 600 nm. Isopropyl-B-D-thiogalactopyranoside was added
to 1 mM, and the culture was grown at 30 °C for 4 h. The crude cell
membrane fraction was prepared as above. The membranes were re-
suspended in 10 mm Tris-HCI, pH 8.0, 0.5% N-lauroylsarcosyl (Sigma),
incubated for 1 h with gentle agitation at room temperature, and
centrifuged at 100,000 X g for 2 h. The non-soluble fraction was resus-
pended in 10 mMm Tris-HCI, pH 8.0, 0.7% n-octyl-B-pD-glucoside, incu-
bated for 1 h with gentle agitation at room temperature, and centri-
fuged at 100,000 X g for 2 h. The same treatment was performed with
the resulting non-soluble fraction resuspended in 10 mm Tris-HCI, pH
8.0, 0.5% SDS. Supernatant was loaded onto a 20 X 20-cm 10% Tris-
Tricine SDS-PAGE. After electrophoresis, the band containing KdgM
was cut out and crushed, and proteins were extracted by overnight
incubation at 4 °C with 10 mMm Tris-HCI, pH 8.0, 0.5% SDS. KdgM was
further purified by extraction after migration from a 20 X 20-cm 15%
Tris glycine SDS-PAGE. These extracts were used for electrophysiologi-
cal experiments.

Gel Electrophoresis and Immunoblotting—Tris glycine SDS-PAGE
was usually performed according to Laemmli (26) with 15 and 0.4% of
acrylamide and bisacrylamide, respectively. Protocols for electrophore-
sis, protein staining with Coomassie G-250, semi-dry transfer onto
nitrocellulose membrane, Western blotting, and immunological screen-
ing of colonies with KdgM antiserum were performed according to
Sambrook et al. (27). Tris-Tricine SDS-PAGE was adapted from Schég-
ger and von Jagow (28) using 10 and 0.27% acrylamide and bisacryl-
amide, respectively. For immunodetection, the KdgM antiserum was
diluted 1:5000 and purified by incubation for 1 h, at room temperature,
with NM522 and A3573 cellular lysates. The secondary antibody, an
anti-rabbit immunoglobulin G peroxidase conjugate (Sigma), was re-
vealed with an ECL kit (Amersham Biosciences) according to the man-
ufacturer’s protocol.

Subcellular Fractionation—Subcellular fractionation was performed
using E. chrysanthemi kdgR cells grown to early stationary phase after
disruption with a French press. Membrane fractionation was carried
out by sucrose density gradient centrifugation in a flotation gradient
(29). Fractions collected from the bottom of the gradient were assayed
according to Osborn et al. (30).

N-terminal Amino Acid Sequence Analysis—A crude cell membrane
fraction of the E. chrysanthemi kdgR strain A837 was prepared as
described above, separated by Tris glycine SDS-PAGE, and electro-
blotted onto a polyvinylidene difluoride membrane in CAPS buffer
according to Matsudaira (31). The membrane was stained with 0.5%
Ponceau S, and the KdgM band was cut out and subjected to N-terminal
analysis by Edman degradation at Institut de Biologie et Chemie des
Protéines (Lyon, France).

Cross-linking—E. chrysanthemi strains were grown at 30 °C in LB
and LB + PGA to an absorbance of 1.0 at 600 nm. Cells were washed
with 10 mM phosphate buffer, pH 7.0, and incubated in 10 mM phos-
phate buffer, pH 7.0, 1% formaldehyde for 5 or 30 min at room temper-
ature. After a second washing, extracts were either incubated for 10
min at 30 °C or boiled for 20 min, separated by Tris glycine SDS-PAGE,
and submitted to immunodetection. The KdgR protein was used as a
control of dimerization (32, 33).

Reconstitution of KdgM in Liposomes—The purified protein KdgM
(500 ng) was added to 2 ml of 500 mm KCI, 10 mm Hepes-KOH, pH 7.4,
and 33 mM n-octyl-B-D-glucoside buffer containing 1 mg of sonicated
lipids (asolectin from soybean, type IV-S). After incubation for 15 min at
room temperature, 160 mg wet weight of Bio-Beads SM-2 (Bio-Rad)
were added to the suspension to remove the detergent. Incubation was
carried out for 4 h at room temperature. The Bio Beads were discarded,
and the suspension was centrifuged for 30 min at 344,000 X g at 4 °C.
The proteoliposomes were resuspended in 0.1 ml of 500 mm KCI, 10 mm
Hepes-KOH, pH 7.4.

Electrophysiological Recording—Bilayers were formed from a solu-
tion of asolectin lipids dissolved in n-decane (30 mgml™') across a
250-um diameter hole. Proteoliposomes (3 ng of protein per ml, final
concentration) were added to the cis compartment. Fusion was induced
by imposing a salt gradient between the two chambers as follows: 800
mM KCI, 10 mm Hepes-KOH, pH 7.4, in the cis compartment versus 100
mM KCl, 10 mm Hepes-KOH, pH 7.4, in the trans compartment. The
bilayer set up was connected to the external circuit through salt bridges
with Ag/AgCl electrodes. Unitary currents were recorded using an Axon
200B patch clamp amplifier and stored on digital audio tape (Biologic
DTR 1200 recorder). Recordings were filtered at 1 kHz through a 4-pole
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TABLE I
Bacterial strains and plasmids

Strain/plasmid Genotype/phenotype Origin
E. chrysanthemi 3937 derivatives
A71 (L37) ImrT¢ lacZ exuR 17
A350 (L2) ImrT° lacZ 17
A576 ImrTe lacZ argG kdgK 18
A837 ImrT¢ lacZ kdgR 19
A1077 ImrTe lacZ kdgR::Cm 19
A1524 ImrT* lacZ pecS::Cm 20
A1851 ImrT¢ lacZ outD::Cm Laboratory collection
A2174 ImrTe lacZ pecT::Cm 21
A2507 ImrT¢ lacZ crp::Cm 22
A3009 ImrTe lacZ expR::Cm 23
A3573 ImrT¢ lacZ kdgM ::uidA-Km This work
A3576 ImrTe lacZ kdgR::Cm kdgM ::uidA-Km This work
A3577 ImrT¢ lacZ outD::Cm kdgM ::uidA-Km This work
A3724 lacZ exuR kdgM ::uid A-Km This work
A3725 ImrTe lacZ pecS::Cm kdgM ::uid A-Km This work
A3726 ImrT* lacZ pecT::Cm kdgM ::uidA-Km This work
A3727 ImrTe lacZ expR::Cm kdgM ::uid A-Km This work
A3728 ImrT* lacZ crp::Cm kdgM ::uid A-Km This work
A4040 ImrT¢ lacZ kdgR::Cm pecS::Ap kdgM ::uidA-Km This work
A4041 ImrTe lacZ kdgR ::Cm exuR::Ap kdgM ::uid A-Km This work
Other Erwinia strains
EC16 E. chrysanthemi Laboratory collection
1891 E. chrysanthemi Laboratory collection
SCRI449 E. amylovora Laboratory collection
SCRI31 E. carotovora subsp. atroseptica Laboratory collection
SCRI52-476 E. carotovora subsp. betavasculorum Laboratory collection
SCRI193 E. carotovora subsp. carotovora Laboratory collection
SCRI56-487 E. carotovora subsp. odorifera Laboratory collection
SCRI51-440 E. cypripedii Laboratorycollection
E. coli strains
MC4100 araD139 A(argF-lac)U169 rspL150 relAl flbB5301 Laboratory collection
deoC1 ptsF25 rsbR
PHL646 MC4100 ompR::Tn10 Laboratory collection
NM522 supE, thi-1 A(lac-proAB) A(hsdSM-mcrB)5 (r),”, m,, ) Laboratory collection
[F’ proAB laclqZAM15]
Plasmids
pROU2 ogl, kdgR, kdul, kduD, pelW, togMNAB, kdgM. . . on a 24
30-kb fragment in pULB113, Ap¥®, Tck, Km®
pUC18 ApF® Stratagene
pKM kdgM on a 7.5-kb Sau3A fragment in pUC18 This work
pKM2 BssHII-Sall deletion of pKM This work

bessel filter and digitized off line at 2 kHz. The membrane potential
refers to the potential of the cis side minus the potential of the trans
side.

Plate Tests and Enzyme Assays—Plate assays for detection of se-
creted enzymes were performed as described previously (34). Pectate
lyase activity was determined by monitoring the appearance of unsat-
urated oligomers at 230 nm (35). The B-glucuronidase activity was
measured by monitoring the cleavage of p-nitrophenyl-B-bD-glucuronide
at 405 nm (36). The alginate lyase activity was determined by monitor-
ing the appearance of unsaturated oligomers at 230 nm according to
Preiss and Ashwell (37). The assays were performed on toluenized
extracts of cells grown to early stationary phase.

Pathogenicity Test—Chicory leaves were slightly wounded with a
pipette tip prior to inoculation. At least 15 leaves were infected using
10° bacteria per inoculation site. After incubation in a dew chamber for
24 h at 30 °C, the length of rotted tissue was measured.

Molecular Biology and Genetic Techniques—Transduction with the
generalized transducing phage phi-EC2 was performed according to
Résibois et al. (38). Preparation of plasmid or chromosomal DNA or
RNA, restriction digestions, ligations, transformations, and DNA or
RNA electrophoresis were all carried out as described previously (27).
DNA purification kits were from Qiagen (QIAquick Gel Extraction Kit)
and Prolabo (DNA Purification Kit). Cloning of kdgM gene was per-
formed by screening an E. chrysanthemi gene library constructed in
pUC18 (23). Sequencing was performed by Genome Express SA
(Grenoble, France). The kdgM nucleotide sequence accession number is
AJ320226 in the EMBL, GenBank™, and DDBJ nucleotide sequence
data bases.

The kdgM::uidA transcriptional fusion was constructed by introduc-
tion of the uidA-Km cassette, which carries the B-glucuronidase gene,
into the PinAl site of the kdgM coding region. The fusion was intro-
duced into the E. chrysanthemi chromosome by marker exchange re-

combination after growth in low phosphate concentration medium con-
taining Km, as described by Roeder and Collmer (39).

Total RNA was extracted from the E. coli strain NM522/pROU2 (24).
Cells were grown at 30 °C in LB, with Ap and GA, to an absorbance of
0.8 at 600 nm. pROU2 RNA was used as the matrix for primer extension
experiments (AMV-RT Primer Extension Kit from Stratagene). The
primer GCATTGACGCTAACCAGAGATGCAACAGCC located 20 nu-
cleotides downstream from the initiation codon was radiolabeled with
[y-32P]dATP.

Band Shift Experiments—The kdgM regulatory region was amplified
by PCR using the primers CTTCCAGCGTCAAGCTTACCGTATTCTG-
AAGCGCG and CCAGAGCATTGACGCTATCTAGAGATGAACAGCC
that carry sequence modifications (underlined letters) to include Hind-
III and Xbal restriction sites. The 356-nucleotide fragment was di-
gested with HindlIIl, labeled by incorporating [y-**P]dATP (3000
Ci'mmol ') with the Klenow fragment of DNA polymerase, and purified
using the QIAquick gel extraction kit (Qiagen). Band shift assays were
performed with the KdgR-, CRP-, and PecS-purified proteins (32, 33,
40). The labeled DNA fragment (50,000 cpm) and 5-100 nM of the
purified regulator were incubated for 30 min at 30 °C in 20 ul of binding
buffer, and the reaction mixtures were submitted to electrophoresis
on a 4% non-denaturing polyacrylamide gel, as described previously
(33, 40). Bands were detected by autoradiography.

RESULTS

KdgM Is a Major Outer Membrane Protein of Pectinolytic
Erwiniae—The KdgR repressor controls the synthesis of all the
genes of the pectic degradation pathway (41). Analysis by Tris-
Tricine SDS-PAGE of the membrane proteins of wild type and
kdgR strains of E. chrysanthemi showed a protein strongly
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FiG. 2. Observation and purification of the KdgM protein. A,
Tris-Tricine SDS-PAGE of the membrane proteins of E. chrysanthemi.
Lane 1, wild type strain A350. Lane 2, kdgR strain A837. KdgM is
indicated by an arrow. B, Tris glycine SDS-PAGE of various extracts
during the purification of KdgM. The E. coli ompR strain carrying the
pKM2 plasmid was used. This mutant was used to decrease the content
of general OmpF and OmpC porins. Lane 1, total membrane fraction.
Lane 2, non-soluble fraction after N-lauroylsarcosine extraction. Lane
3, soluble fraction after SDS solubilization. Lane 4, KdgM purified after
the two successive SDS-PAGE excisions. Lane 5, the same treatments
were performed using the MC4100 E. coli strain as a control. C, immu-
nodetection of KdgM homologues in cellular extracts of various pecti-
nolytic Erwinia wild type strains as follows: E. carotovora subsp. atro-
septica (Eca), E. carotovora subsp. betavasculorum (Ecb), E. carotovora
subsp. carotovora (Ecc), E. carotovora subsp. odorifera (Eco), E. cypripe-
dii (Ecy), and non-pectinolytic E. amylovora (Eam).

expressed in the kdgR mutant (Fig. 2A). Synthesis of this
protein, named KdgM, is also strongly induced when bacteria
are grown in the presence of pectin or pectin derivatives, such
as PGA or GA (data not shown). To localize KdgM more pre-
cisely, outer and inner membranes of the kdgR and the wild
type strains were separated by centrifugation on a sucrose
density gradient. KdgM was observed only in the outer mem-
brane protein fraction (data not shown). A KdgM antiserum
was obtained and used with extracts of various bacteria. A
cross-reacting protein was detected in some pectinolytic
Erwiniae, such as Erwinia cypripedii or Erwinia carotovora
subspecies, but not in the non-pectinolytic Erwinia amylovora
(Fig. 20).

Identification and Analysis of the kdgM Gene—Screening of
an E. chrysanthemi gene library with the KdgM antiserum
allowed for the isolation of a plasmid, pKM, which carries a
10-kb DNA fragment encoding KdgM. The region containing
the kdgM gene was reduced to a 1.3-kb BssHII-Eco4 7111 frag-
ment in plasmid pKM2. The nucleotide sequence of the BssHII-
Eco47IIT DNA fragment was determined. A single complete
open reading frame was identified. It encodes a 236-amino acid
protein with a calculated molecular mass of 26,726 Da. A
potential Shine-Dalgarno sequence (AGGGAA) lies 7 nucleo-
tides upstream from the initiation codon (Fig. 3A). The kdgM
transcription start was determined, by primer extension exper-
iments (data not shown), to be 70 nucleotides upstream from
the initiation codon. It is preceded by a —10 Pribnow box
(TAAAAT) and a —35 region (ATCACA) that have 5/6 and 4/6
nucleotides of the ¢’° promoter consensus. Farther upstream is
located a short GC-rich inverted repeat, with a calculated free
energy of formation of —67 kJ-mol !, followed by a run of T
residues, which is typical for a rho-independent transcription
termination site (Fig. 3A). Analysis of the DNA sequences
situated on each side of kdgM enabled us to localize this gene

A,
-182 B — — e -121
togB-TA ARCGTTAATT AGTTGTCTGET TTTAAGCCCC GTGCTCTCCG CCEGGGECTTT TTTATTAAAR
Kdgh
A ATRARAYR-Y RTTTYATT =51

ATGARACARA ATGARTCATA CTATCGATCA TCOSTCACAHNT TTGARATCAT TTTGAATTTA TTGTGATTCT

CRP

TETGA TCACA +1 +20

AFARGATCGR GRTCACHRAA CGATATTARR TAATCCATAR ARTAGRACTT GITCCATAAG ARCACATOGR
TTGACR TET AAT

-35 » -10
G promoter

+13
TTTTATTTTT TTATTCTTTT CTTTATCTGST ATATCTATAG GEARRATACA ATGE-kdgM
§.D.

KeigR (nM) CRP (nM) PecsS (nht)
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Fic. 3. Binding of the KdgR, CRP, and PecS regulators to the
promoter region of the kdgM gene. A, sequence of the togB-kdgM
intergenic region. The underlined sequences correspond to the togB
translation stop codon, the kdgM start codon, the Shine Dalgarno
sequence (S.D.) and to the —10 and —35 promoter sites. The transcrip-
tion start is in boldface (position +1). The arrows show the inverted
repeat of the potential t0ogB rho-independent transcription terminator.
Potential KdgR- and CRP-binding sites are boxed. The consensus of
these binding sites and that of ¢”° promoter are given above or below the
sequence (R = G or A and Y = C or T). B, gel shift assays with the
purified KdgR, CRP, and PecS regulators. The amounts of purified
protein used are indicated. The arrows indicate the DNA-protein
complexes.

downstream from the pelW-togMNAB operon (12) and up-
stream from the paeX gene (Fig. 4), encoding an esterase.?

The presence of a signal sequence, suggested by a N-terminal
hydrophobic region of 20 amino acids followed by the sequence
Ala-Leu-Ala, which is a potential cleavage site for the LepB
peptidase (5), was confirmed by the N-terminal sequencing of
the protein purified from E. chrysanthemi membranes. KdgM
C-terminal primary structure, with its Phe terminal residue, is
characteristic of outer membrane proteins (42). The mature
KdgM protein has a calculated molecular mass of 24,688 Da.
The KdgM sequence was compared with other amino acid se-
quences deposited in the data banks and against translated
complete and incomplete bacterial genomes. The best homo-
logues are two Yersinia pestis proteins, which we named KdgM
and KdgN, both with 64% identity to KdgM (Table II). E.
carotovora, Klebsiella pneumoniae, Pseudomonas syringae pv.
tomato, S. typhimurium, Salmonella paratyphimurium, Vibrio
halioticoli, and E. coli possess proteins that have less similarity
with KdgM (Table II). Among these proteins only one has been
assigned a putative activity, the alginate lyase AlyVGIII from
V. halioticoli.® The YshA proteins from S. typhimurium and E.
coli present no strong homology with KdgM but seem to belong
to the same family because they present significant homology
with other proteins of this family.

Genetic Organization of kdgM Homologues—kdgM is local-
ized in a pathogenicity island of the E. chrysanthemi chromo-
some that contains several genes involved in pectin catabolism
(Fig. 4) (24, 43). The localization of the kdgM gene is very
similar in Y. pestis; the gene lies downstream from the pelW-
0gtABCD operon, which encodes the pectate lyase PelW, and a
potential Ogt ABC transporter that is highly homologous to the
TogMNAB transporter (12). In K. pneumoniae, the kdgM ho-

2N. Hugouvieux-Cotte-Pattat and V. E. Shevchik, personal
communication.
3 1. Sugimura, T. Sawabe, and Y. Ezura, unpublished observations.
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a .
ogtA  ogtB ogiC ogiD orf1 kdgM-like ogl K. preumoniae
63 69 76 79 37 66
kauf kauD pelw togM  togN togA fogB kdgM paeX kdgR ogl! E. chrysanthemi
kdul kduD pelW ogtA  ogiB ogtC ogtD kdgM  orf2 kdgR og!
83 80 64 91 89 82 81 64 88 79
b c Y. pestis
orf3 orf4 kdgN pelP dctA

64

kagh-iike®  pelP

80

kaght-ike®  pelP

27

38

Y. pseudotuberculosis
38

E. carotovora
37

Fic. 4. Genetic organization of genes encoding KdgM homologues. Numbers indicate the percentages of identity of the proteins with their
homologous protein in E. chrysanthemi (PelW in the case of PelP). The kdgM gene is located at the vicinity of genes encoding ABC transporters
(the 0gtABCD genes are homologous with the togMNAB genes) or pectinases (oligogalacturonate lyase Ogl, pectate lyases PelP).  indicates orf1
encodes a protein with 58% identity with the RafY glycoporin of E. coli. ® indicates orf3 encodes a protein with 29% identity with the CelY cellulase
of E. chrysanthemi. ¢ indicates dctA encodes a protein with 86% identity with the DctA C4-dicarboxylate transporter of E. coli. ¢ indicates only the
C-terminal parts of the putative KdgM-like proteins of E. carotovora and Y. pseudotuberculosis are known, and the identity values are approximate.

TABLE II
Characteristics of proteins of the KdgM family
The KdgM sequence was compared with amino acid and translated nucleic sequences deposited in data banks. Identity between mature proteins
with mature KdgM is indicated. The C + G content of kdgM homologues is compared with that of the corresponding genome.

Organism Protein (accession number)® flfrilg:f V(;/{;tllii%lslgtl\};[ Génf n(l}e Gin%G
% % %
E. chrysanthemi 3937 KdgM 236 52¢ 42.9
E. carotovora subsp. carotovora ND¢ 27"
SCRI193

Y. pestis CO-92 Biovar KdgM 236 64 47.6 40.8
KdgN 234 64 39.3

Y. pseudotuberculosis TCPB3821 ND? (80)¢

K. pneumoniae MGH78578 231 37

P. syringae pv. tomato DC3000 240 31

S. typhimurium LT2 OrfM 230 37 53.1 36.1
YiiY (P43022) 227 39 42.1
YshA 230 39.2

S. paratyphi A ATCC9150 OrfM 230 37
YiiY 227 39

V. halioticoli IAM14596T AlyVGIII (AAF22513) 235 30

E. coli K-12 MG1655 YjhA (P39372) 238 23 50.8 43.0
YshA (P76773) 230 40.8

“ Protein accession number is indicated except when homologues were found in translated bacterial genomes.

® The number indicates the number of residues of the native proteins.

¢ The value is approximate, the genome sequence remaining incomplete.

< ND, not determined; the kdgM homologous gene has not been compl

mologue is adjacent to the ogl gene, encoding the oligogalactu-
ronate lyase, a site where the regulator kdgR is found in E.
chrysanthemi and Y. pestis (Fig. 4). A gene encoding a putative
glycoporin (orf1) is downstream from the ABC transporter ogt
genes of K. pneumoniae. A second set of genes encoding a KdgM
homologue is found in front of the pelP gene, encoding a pectate
lyase in Yersinia pseudotuberculosis, E. carotovora subsp. ca-
rotovora (44, 45), and Y. pestis (kdgN) (Fig. 4). All these genes
are found in clusters containing genes involved in pectin catab-
olism or transport, suggesting that they may encode proteins
involved in related functions.

Other genes of the kdgM family are found in the vicinity of
putative sugar transporters and permeases. The gene encoding
the KdgM homologous protein in P. syringae pv. tomato is
situated downstream from genes encoding an ABC transporter.
The orfM and yiiY genes of S. typhimurium and S. paratyphi-
murium are located upstream from genes encoding a putative
metabolite transporter and the rhamnose-H* symporter, RhaT
(46), respectively. Similarly, the yshA genes from S. typhi-
murium and E. coli are found upstream from genes encoding
putative sugar transporters.

The G + C content of the kdgM coding region is 42.9%. It

etely sequenced, and the value of identity with KdgM is approximate.

strongly contrasts with the value usually found in E. chrysan-
themi genes, which is about 52%. For example, the pelW-togM-
NAB operon is 51.1% G + C-rich. The same phenomenon was
observed with the genes encoding KdgM homologues in Y.
pestis, S. typhimurium, and E. coli (Table II). It appears that
genes of the kdgM family are characterized by an AT-rich
coding region.

Regulation of the kdgM Expression—The transcription of
each gene involved in pectinolysis is tightly controlled by sev-
eral transcriptional regulators. To study kdgM regulation, an
uidA-Km cassette was introduced into the gene, and the
kdgM::uidA fusion was recombined into the E. chrysanthemi
chromosome. Expression of B-glucuronidase was measured in
various environmental conditions and in mutants inactivated
for transcriptional regulators known to be involved in the reg-
ulation of pectinolytic genes. The expression of the fusion is
induced at about 14-fold in the presence of PGA and pectin and
4-fold in the presence of GA. In a wild type background, the
kdgM expression is dependent on environmental conditions
such as pH, osmolarity, temperature, and oxygen availability
(Table III). The maximum expression was observed at pH 7.7,
at 260 mosMm and at 30 °C, which is the optimum temperature
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TasLE III
Regulation of kdgM expression
kdgM ::uidA expression was analyzed in various growth conditions
and in various regulatory backgrounds. All values correspond to at least
four independent assays. Cells were grown on supplemented M63 me-
dium. The temperature, pH, and osmolarity values are 30 °C, 6.9, and
260 mosM, respectively, except where indicated.

Additional B-Glucuronidase-

Culture medium

mutation specific activity”

Glycerol 135 = 22
Glycerol GA 534 + 62
Glycerol PGA 1981 + 343
Glycerol pectin 1809 *+ 251
Glycerol 25 °C 49 £ 7
Glycerol 37 °C 89 + 17
Glycerol fumarate® 454 + 25
Glycerol, pH 5.6 40 + 18
Glycerol, pH 7.0 170 = 19
Glycerol, pH 7.7 332 =79
Glycerol, 80 mosm 47 + 13
Glycerol, 770 mosMm 43 £ 4
Glucose 51 +8
Glycerol kdgR 1295 + 255
Glycerol GA kdgR 2838 + 479
Glycerol pecS 1017 = 192
Glycerol kdgR pecS 1350 = 94
Glycerol exuR 518 = 107
Glycerol kdgR exuR 1307 = 98
Glycerol pecT 223 + 14
Glycerol expR 142 + 38
Glucose crp 57 =10

“ B-Glucuronidase specific activity is expressed in nanomoles of para-
nitrophenol liberated per min per mg of bacterial dry weight.
® The fumarate permits oxygen limitation conditions of growth.

for E. chrysanthemi growth, and also in conditions of oxygen
limitation.

Induction in the presence of pectin derivatives mainly results
from the interaction of the KdgR repressor with intracellular
pectic catabolites such as and 5-keto-4-deoxyuronate or 2-keto-
3-deoxygluconate (2). A 10-fold increase in the fusion expres-
sion in a kdgR background (Table III) confirmed that the kdgM
expression is controlled by the main regulator of genes involved
in pectin degradation, KdgR (2, 41, 47). However, the expres-
sion of the fusion in a kdgR mutant is still induced by GA.
Transcriptional regulation of genes involved in pectin and GA
degradation pathways is independent. GA catabolism is specif-
ically controlled by the ExuR repressor (18). kdgM expression
increased 4-fold in an exuR background, indicating that it also
belongs to the ExuR regulon. The additive effect of the kdgR
and exuR mutations (Table III) suggests that KdgR and ExuR
control the kdgM expression independently. CRP is a transcrip-
tional activator of many genes involved in sugar catabolism, in
response to the cAMP intracellular level (22). The expression of
kdgM is 3-fold repressed with the presence of glucose in the
medium or in a crp mutant, indicating that kdgM is submitted
to the catabolite repression via the CRP activator. A 7-fold
increase in kdgM expression was observed in a pecS mutant
(40, 20). This regulation by PecS seems to occur essentially
during the late exponential or early stationary phase of growth
(data not shown). The additive effect of the kdgR and pecS
mutations (Table III) suggests that KdgR and PecS control the
kdgM expression independently. In contrast, the regulators
ExpR, which is involved in the cell density-dependent regula-
tion (23), and PecT (21) do not control the expression of kdgM.

Gel shift experiments were performed to test the direct in-
teraction of KdgR, CRP, and PecS regulators with the kdgM
promoter region. A 356-nucleotide fragment (position —228 to
+128, relative to the transcription start) overlapping the togB-
kdgM intergenic region was used as a probe. These experi-
ments showed that KdgR, CRP, and PecS interact directly with
the kdgM promoter region, giving rise to protein-DNA com-

TaBLE IV
Effect of a kdgM mutation on the pectate lyase activity
Pectate lyase synthesis of wide type strain A350 and kdgM strain
A3573 was analyzed in the presence of various inducers. The assays
were performed on toluenized extracts of bacterial cultures.

Pectate lyase-specific activity®

Growth medium

Strain A350 Strain A3573
Glycerol 0.04 = 0.01 0.03 = 0.01
Glycerol GA 0.34 = 0.10 0.28 = 0.02
Glycerol PGA 1.81 = 0.30 1.33 = 0.25
Glycerol pectin 2.81 = 0.17 1.76 = 0.33
GA 0.69 = 0.13 0.57 = 0.09
PGA 10.09 = 1.78 5.80 = 0.95
Pectin 9.10 = 2.24 6.62 + 0.68

“ The pectate lyase-specific activity is expressed in micromoles of
unsatured oligogalacturonides liberated in 1 min per mg of bacterial dry
weight.

OD at 600 nm
[
ES

time (h)

Fic. 5. Growth of a kdgM mutant with various oligogalactu-
ronides. The outD strain A1851 (open symbols) and the outD kdgM
strains A3577 (closed symbols) were grown in the presence of GA,
(triangles), GA,, (squares), and PGA (circles). The growth curves with
GA and GA, are identical to those of GA; and are not represented.

plexes (Fig. 3B). Analysis of the sequence revealed a putative
CRP-binding site overlapping the —35 region of the ¢’ pro-
moter, centered at position —41.5, and a putative KdgR-bind-
ing site centered at position —72 versus the transcription start
(Fig. 3A). Until now, no consensus for the PecS-binding site has
been characterized.

A kdgM Mutation Affects Pectinolysis—The pathogenicity of
a kdgM mutant was studied in planta to observe the effects of
a kdgM mutation on E. chrysanthemi pathogenesis. Chicory
leaves were infected with 10® bacteria of wild type strain or
kdgM mutant. The length of soft rotted tissue is indicative of
the virulence of the strain. The length of rotted tissue meas-
ured after 24 h of incubation in a dew chamber at 30 °C was
14 = 7 mm for the kdgM strain A3573, whereas it was 35 = 9
mm for the wild type strain A350, indicating that KdgM is
necessary for the full virulence of E. chrysanthemi. The effect of
the kdgM mutation on pectate lyase synthesis was studied by
assay of the pectate lyase activity on toluenized extracts of cells
grown without inducer or with PGA and GA as inducer (Table
IV). The mutation does not affect pectate lyase synthesis of
cells grown without inducer or in the presence of GA. In con-
trast, the pectate lyase activity of the kdgM mutant is reduced
when PGA is used as an inducer or as the sole carbon source for
growth. Considering the putative alginate lyase activity of the
KdgM homologue, AlyVGIII, we tested whether the purified
KdgM protein possesses any pectate lyase or alginate lyase
activity. No activity was observed in any tested conditions
(data not shown). Such data could suggest that KdgM is in-
volved in pectate lyase secretion. The cellulase secretion, which
occurs through the same Out machinery as pectate lyases (48),
is not modified in a kdgM mutant, and the pectate lyase activ-
ity of the total toluenized extracts and the supernatants is
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Fic. 6. Channel activity of KdgM at two opposite potentials. Proteoliposomes reconstituted with purified KdgM were added to the cis
compartment of a bilayer chamber (3 ng'-ml~%, final protein concentration). Fusion to the bilayer was induced by imposing a salt gradient between
the two chambers. After insertion of one channel in the planar bilayer, symmetrical media (800 mm KCI, 10 mMm Hepes-KOH, pH 7.4) were
established in the two chambers and the activity recorded. Voltage steps were applied as indicated. Application of a high positive potential (+120
mV) induced the closure of the channel, which could reopen at 0 mV. Application of a negative potential (—120 mV) did not induce closure of the

channel. O, full open level of the channel.

identical (data not shown), showing that the reduced amount of
pectate lyases does not result from an impaired secretion. Thus,
KdgM seems to be essential for the conversion of PGA, but not
GA, into inducing molecules. Its localization in the outer mem-
brane suggests a role in the entry of the GA,, into the bacteria.

To assess this role of KdgM, the wild type and kdgM E.
chrysanthemi strains were grown in media that contain, as the
sole carbon source, GA, GA,, GA;, or a mixture of GA,, obtained
by digestion of PGA by the pectate lyase PellL. To prevent
extracellular degradation of GA,, by the secreted pectinases, an
out mutation was added to the strains. No growth was observed
with PGA because of the absence of secreted pectinases that
prevents its degradation (Fig. 5). Growth of both strains was
identical with GA, GA, and GAj. Growth of the outD strain
A1851 was slower with GA, than with GA but reached the
same final OD. In contrast, growth of the outD kdgM mutant
A3577 with GA,, was very limited and stopped quickly (Fig. 5).
These data suggest that this strain probably metabolized the
limited amount of short oligomers present in the mixture but
could not use the longer GA,,. Thus, KdgM could be a porin
required for the entry of GA,, into the bacteria, explaining the
reduced virulence and the reduced induction of pectate lyase
synthesis in the kdgM mutant.

Purification and Analysis of the KdgM Protein—KdgM was
purified for further electrophysiological assays on a lipid bi-
layer. Many detergents commonly used in porin purification
were inefficient for KdgM extraction. KdgM appears to be par-
ticularly hard to solubilize in neutral detergents. Two consec-
utive extractions with 0.5% N-lauroylsarcosyl and 0.7% n-octyl-
B-D-glucoside were finally performed to extract most of the
outer membrane proteins, and KdgM was solubilized with 0.5%
SDS. KdgM was further purified by two consecutive Tris-
Tricine and Tris glycine SDS-PAGEs (Fig. 2B). The identity of
the protein and the purity of the preparation were checked by
mass spectroscopy.

Various biochemical characteristics of porins were tested
with KdgM. Like many porin subunits, the KdgM protein mi-
grates abnormally because its apparent molecular mass is
about 28 kDa, whereas its calculated molecular mass is 24.688
kDa. Most, but not all, porins are homotrimers. These trimers
can be observed in SDS-PAGE, because they are stable in the
presence of SDS unless heated at 100 °C. In the case of KdgM,
migration in SDS-PAGE was the same whether the samples
were boiled or not. Furthermore, formaldehyde cross-linking
did not show any multimerization of KdgM, whereas dimers
were observed for the control protein KdgR (data not shown).
The same result was observed when bacteria were grown in the

+80 mV

LR L e e s

+ 100 mV
O — mmmwmmmw

+ 140 mV

O_)WMWWWWM 1s

+160 mV

0 — mvl
Fic. 7. Voltage dependence of the KdgM channel. Recordings of
the channel are at different positive membrane potentials. The bilayer
was subjected to various positive potentials as indicated. Between
pulses, the bilayer was held at 0 mV for several seconds. The beginning

of each trace corresponds to the onset of each pulse. The ionic conditions
are the same as in Fig. 6.

absence or in the presence of PGA. Thus, KdgM appears to
have a monomeric organization.

Porin Activity of KdgM in Planar Lipid Bilayers—The puri-
fied KdgM protein was introduced into liposomes. Addition of
these proteoliposomes to the cis compartment of a bilayer
chamber, at low protein concentration (3 ng-ml ™1, final concen-
tration), resulted in the rapid insertion in the bilayer of large
conductance channels. These channels were open at 0 mV and
at low, positive or negative, potentials. By termination of the
mixing in the cis compartment after the insertion of the first
channel, we could record the activity of a single channel. In
most of the cases, application of a high positive membrane
potential (100 mV and above) resulted in the closure of the
channel, whereas highly negative membrane potentials had no
effect (Fig. 6). Even the application of a very highly negative
potential, down to —200 mV, was ineffective. In some cases, the
opposite behavior was observed (i.e. closure at negative poten-
tials and no effect at high positive potentials) suggesting that
the channel had been inserted with an opposite orientation in
the bilayer. Closure at positive and negative potentials could
also be observed following the insertion of several channels,
presumably inserted with opposite polarities. Fig. 7 illustrates
the effect of voltage pulses of increasing magnitude, at positive
potential, on the closure of the channel. Between pulses the
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membrane potential was held at 0 mV, which resulted in the
reopening of the channel. Although fast gating could be ob-
served, closure followed the pattern of slow kinetics docu-
mented for porin channels. The higher the membrane poten-
tial, the faster the channel could be closed.

Most of the porins that have been studied electrophysiologi-
cally are trimeric proteins. In these cases, several reports have
shown that voltage-dependent closure occurs in three steps, the
conductance of each step corresponding to one-third of that of the
inserted trimers. It was proposed that these steps correspond to
the closure of individual monomers (49, 50), later shown by
structural studies to correspond to individual channels. It is
noteworthy that, in this study, we could repeatedly record chan-
nels that closed in only one step corresponding to the inserted
conductance (Figs. 6 and 7). This observation is consistent with
the biochemical data suggesting that KdgM is a monomer.

In contrast to other porins for which multiple conductance
steps are usually observed, one predominant conductance was
observed for KdgM. The I-V curve was markedly non-linear
(Fig. 8). At a positive potential the conductance of the channel
was 450 pS in symmetrical 800 mm KCl media. Under asym-
metrical conditions (800 mm KCI versus 100 mm KCl), the
reversal potential was 18.5 = 8.2 mV (S.D., n = 16), corre-
sponding to a 2.8 preference for chloride over potassium, as
calculated from the Goldman-Hodgkin-Katz equation.

The effect of GA; on ion channel conduction through the
KdgM channel was examined. Addition of relatively high con-
centrations of GAj to the trans compartment resulted, at pos-
itive potential, in an apparent decrease of the single channel
conductance and in an increase in the channel noise (Fig. 94).
No effect was observed at negative potential. Conversely, ad-
dition of GAj to the cis compartment induced a similar inhibi-
tion at negative potential but not at positive potential. The
behavior shown in Fig. 9 is that described for fast blockers
whose residence time is too short to be distinctly resolved by

100
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20 4

Current (pA)

=200 -100 0 100 200
Membrane potential (mV)

FiG. 8. Current-voltage relationship of the KdgM channel. El-
ementary currents recorded under symmetrical conditions (open circle,
800 mm KCI, 10 mm Hepes-KOH, pH 7.4) and asymmetrical conditions
(closed circle, 800 mMm KCl, 10 mm Hepes-KOH, pH 7.4, in the cis

compartment versus 100 mm KCI, 10 mm Hepes-KOH, pH 7.4, in the
trans compartment) were plotted against the membrane potential.
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single channel recording (51, 52). For a membrane potential of
100 mV, a K, of 34 mMm could be determined for GA; (Fig. 9B).
Maltotriose up to 50 mm, used as a control, had no effect on the
channel conductance. However, 50 mm ATP was also able to
induce a voltage-dependent fast block of the channel.

DISCUSSION

KdgM is one of the most abundant proteins of the outer
membrane of E. chrysanthemi grown in the presence of pectin.
The regulation of kdgM expression resembles the regulation of
the pectinolytic genes, whose expression is controlled by the
KdgR, PecS, and CRP regulators, and of the GA catabolism
genes, whose expression is controlled by the ExuR repressor.
Thus, the kdgM expression behaves like that of genes involved
in pectin catabolism.

The pectin degradation pathway has been extensively stud-
ied in E. chrysanthemi. However, up to now, the means of
translocation of GA,, across the outer membrane remained an
unanswered question. We showed that KdgM is a porin specific
for GA,, allowing for their transport into the periplasm. E.
chrysanthemi possesses aspecific porins similar to the OmpF
and OmpC porins of E. coli, which are responsible for mem-
brane permeability for molecules of <600 Da (14). Such porins
could be responsible for GA, and GA; uptake (GA; is 546 Da)
but not for the uptake of larger GA,. When grown in the
presence of GA,, (Fig. 5), the kdgM mutant can assimilate GA,,
smaller than tetramers, indicating that these molecules can
pass through aspecific porins. However, E. chrysanthemi is
able to grow on larger oligomers only when kdgM is efficient,
suggesting that KdgM is probably the sole porin through which
these molecules can enter the bacteria. The kdgM mutation
decreases the virulence of E. chrysanthemi. This could be due to
a lower formation of intracellular inducing compounds that, in
turn, prevent the full induction of pectate lyase synthesis. This
suggests that a large proportion of long GA,, enters the bacte-
ria, while pectinolysis is taking place, during the course of
plant infection. E. chrysanthemi possesses, in the periplasm,
several enzymes, such as PelX and PehX, that are able to cleave
these oligomers (10, 53).

We tested whether KdgM presents the classical porin proper-
ties using electrophysiological experiments. After insertion in
planar lipid bilayers, KdgM channels exhibited the following
characteristics. The channels had a high conductance, were open
at low membrane potential, and could be closed upon application
of a high voltage. Voltage dependence was asymmetric. These
characteristics constitute the electrophysiological fingerprints of
porin channels. The channel exhibited a weak anion selectivity,
consistent with its putative role in the translocation of GA,
across the outer membrane. Similarly, the PhoE porin, which is
induced in E. coli cells that are grown under phosphate limita-
tion, is weakly anion-selective (50, 54, 55).

Most porins are trimeric (14). OmpA is an example of a
protein of the outer membrane of E. coli that is monomeric. Its

GA3 (mM)

0 mM GA3 18 mM GAj3 40 mM GAj3

Fic. 9. Fast block of the KdgM channel by trigalacturonate. A, effect of various concentrations of trigalacturonate on the single channel
conductance. The membrane bilayer contained one KdgM channel. The beginning of each trace corresponds to the onset of a voltage pulse to + 100
mV to induce channel closure. Increasing concentrations of trigalacturonate (GA,) were present in the ¢rans chamber as indicated. The ionic
conditions are the same as in Fig. 6. The dashed line corresponds to the closed level. B, ratio of the single channel current in the presence of
trigalacturonate to that in its absence, i/i,, at + 100 mV, versus trigalacturonate (GA;) concentration. For the determination of i, records, such as
that shown in A, were heavily filtered (20 Hz). The curve was fitted to the equation i/i, = 1/(1 + [GA,l/K}), with K;, = 34 mM.
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N-terminal domain is integrated into the membrane in the
form of a B-barrel of eight B-strands (56). Osmotic swelling
experiments (57, 58), as well as planar bilayer experiments (59,
60), have been reported, indicating that OmpA forms pores.
OprF from Pseudomonas aeruginosa, which is closely related to
OmpA, has also been reported to form pores (61). However,
whether OmpaA is a bona fide porin remains controversial (56).
Recently the E. coli porin OmpG has been characterized, and it
has been suggested that it is a monomeric porin (62, 63). The
biochemical data presented here indicate that KdgM is a mon-
omer. In addition, its electrophysiological behavior, as com-
pared with that of trimeric porins, is also consistent with a
monomeric organization. KdgM is therefore one of the first
clear examples of a monomeric porin.

Several specific porins can be blocked by their substrates in
electrophysiology experiments, indicating the presence of bind-
ing sites (14). A well studied example is that of LamB (64, 65),
which facilitates the diffusion of maltose and maltodextrins.
Although in this case, a well resolved block of the channel, at
the single-channel level, can be observed (66), in the case of
KdgM the short lived blocked states could not be resolved. At
the very least, these data indicate that GAg is driven through
the pore and that it interacts with the pore. Electrophysiologi-
cal evidence in favor of the conduction of longer polymers of
defined length will first require the purification of the corre-
sponding molecules.

Biochemical data indicate that KdgM defines a novel family
of porins that have no sequence homology with characterized
porins. In contrast, they present several specific characteristics
and these data suggest that the KdgM homologues probably
function as sugar porins too. The genes of the kdgM family are
usually situated at the vicinity of sugar transport and sugar
catabolism genes (Fig. 4), and most of them are characterized
by an AT-rich coding region (Table II). Sequence conservation
between the proteins of the KdgM family is very low, a property
that is usually observed in the porin families. Considering the
relatively small size of the KdgM homologues (between 205 and
216 amino acids for the mature form), it appears improbable
that they possess 16 or 18 transmembrane segments like most
of the characterized porins (15). Sequence homologies, as well
as this relatively small size of KdgM and its monomeric state,
are the clearest elements proving the characterization of a new
porin family.
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